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Recently, Cheng et al. identified a number of massive white dwarfs (WD) that appear to have an
additional heat source providing a luminosity near ≈ 10−3L for multiple Gyr [1]. In this paper
we explore heating from electron capture and pycnonuclear reactions. We also explore heating from
dark matter annihilation. WD stars appear to be too small to capture enough dark matter for this
to be important. Finally, if dark matter condenses to very high densities inside a WD this could
ignite nuclear reactions. We calculate the enhanced central density of a WD in the gravitational
potential of a very dense dark matter core. While this might start a supernova, it seems unlikely
to provide modest heating for a long time. We conclude that electron capture, pycnonuclear, and
dark matter reactions are unlikely to provide significant heating in the massive WD that Cheng
considers.
Can low level nuclear reactions, or dark matter anni-
hilation, heat massive white dwarf stars (WD)? Recently
Cheng et al. identified a number of WD, with masses
between 1.08 and 1.23M, that appear to have an ad-
ditional heat source. This extra heat may maintain the
star’s luminosity near≈ 10−3L for multiple Gyr [1]. La-
tent heat from crystallization [2–4] and gravitational en-
ergy released from conventional 22Ne sedimentation [5, 6]
do not appear to be large enough to explain this luminos-
ity. Note that 22Ne sedimentation is significantly slowed
down by C/O crystallization [7, 8] however Blouin et al.
speculate that Ne phase separation could enhance the
heating from conventional Ne sedimentation [9].
In this paper, we explore heating from electron cap-
ture reactions, see for example [10], and pycnonuclear
(or density driven) fusion reactions [11–13]. We assume
isolated stars that are not in binary systems. We are in-
terested in reactions that may take place preferentially
at the very high central densities of massive WD and
may be less important at lower densities in less massive
stars. In principle, even relatively slow nuclear reactions
could contribute noticeable heat. This is because, in the
absence of nuclear reactions, there is only a modest lumi-
nosity from WD cooling. Alternatively, dark matter an-
nihilation in massive WD could produce additional heat-
ing, see for example [14–16]. Dark matter can produce
noticeable heating even when the dark matter is made of
particles with properties, such as scattering cross sections
and masses that may be difficult to observe in laboratory
experiments. Furthermore, massive WD have large es-
cape velocities. These stars may trap lower mass, higher
velocity, dark matter particles that can escape less mas-
sive stars.
Finally, dark matter could collect in massive WD. If
this dark matter concentrates to very high densities, its
gravity can modify the structure of a WD and increase
the star’s central density. This in turn could further in-
crease the rate of electron capture and or pycnonuclear
fusion reactions.
The central density ρC of massive WD follows from
hydrostatic equilibrium and an equation of state dom-
inated by relativistic electrons. In Fig. 1 we plot ρC
of a WD with electron fraction Ye = 0.5, this could be
made of C and O or O and Ne. We also show ρC for a
possible Fe WD with Ye ≈ 0.464. We assume a simple
relativistic free Fermi gas equation of state and neglect
Coulomb corrections. The central density of a C/O WD
can exceed 109 g/cm3 for star masses above 1.35M.
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FIG. 1. Central density of carbon / oxygen (solid black line)
and Fe (dashed red line) white dwarfs versus mass.
High densities can drive electron capture reactions, see
for example [17]. In Table I we list the threshold densities
ρT for a variety of electron capture reactions. This den-
sity is where the electron Fermi energy is high enough to
provide for the reaction Q value. We calculate ρT from
atomic masses. In general, the threshold density is seen
to decrease as the mass number increases. For C/O or
O/Ne stars, electron capture (at zero temperature) is not
expected until ρC > ρT ≈ 6×109 g/cm3 and this density
is not reached until the mass of the star is above 1.40M,
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2see Table I.
The threshold densities in Table I are for ground state
to ground state transitions. These transitions may be
forbidden by the high spin of the daughter nucleus. How-
ever, a large forbidden matrix element was recently ob-
served for the transition corresponding to electron cap-
ture from the (0+) 20Ne ground state to the (2+) 20F
ground state [18]. If the reaction must proceed via an
excited state of the daughter nucleus, to obtain a signifi-
cant rate, ρT will be even higher than the value in Table
I.
Reaction ρT (g/cm
3) Ye M(M)
12C(e, ν)12B 3.9× 1010 0.5 1.42
16O(e, ν)16N 1.9× 1010 0.5 1.42
20Ne(e, ν)20F 6.2× 109 0.5 1.40
56Fe(e, ν)56Mn 1.1× 109 0.464 1.16
54Fe(e, ν)54Mn 2.1× 107 0.464 0.80
12C(12C, α)20Ne ≈ 3× 109 0.5 1.38
TABLE I. Threshold density ρT for the indicated nuclear re-
action in a star of electron fraction Ye. The final column is
the mass M of a WD with central density equal to ρT .
Cheng et al. considered C/O or O/Ne WD with masses
between 1.08 and 1.23M [1]. They inferred these masses
by comparing the stars absolute magnitudes and colors to
WD cooling models. Note that the absolute magnitudes
were determined by recent Gaia parallax measurements
[19]. The central density of a 1.23M WD (assuming
Ye = 0.5) is only 1.9 × 108 g/cm3. This is too low for
electron capture on 12C, 16O, or 20Ne, see Table I. There-
fore conventional electron capture reactions are likely not
significantly heating the stars Cheng considers.
It may be possible to form WD with Fe cores where the
electron fraction is Ye ≈26/56=0.464 [20]. For example
a failed SN could leave behind an Fe core [21]. Not only
do these stars have higher central densities, see Fig. 1,
but the threshold density for electron capture on Fe is
also lower ≈ 1.1 × 109 g/cm3, see Table I. This density
is reached in a 1.16M Fe WD. Furthermore, impurities
could have even lower threshold densities. For example,
54Fe has a sizable isotopic abundance on Earth ≈ 6%
and a very low threshold density for electron capture,
see Table I. We conclude that electron capture could very
well be significant in massive Fe WD.
In addition to electron capture, pycnonuclear, or den-
sity driven, fusion reactions can also take place [11], see
for example [12]. In pycnonuclear fusion, quantum zero
point motion allows two nuclei to approach and tunnel
through the coulomb barrier. The pycnonuclear fusion
reaction that occurs first, at the lowest density, is likely
to be 12C + 12C. This is because heavier nuclei, in gen-
eral, will need to tunnel through larger coulomb barriers.
Pycnonuclear reactions are greatly aided by the strong
screening of the coulomb barrier by other nearby ions
[13]. At present there are significant uncertainties in py-
cnonuclear reaction rates because they depend very sensi-
tively on the exact distribution of ions within the crystal
lattice. In addition, there is some uncertainty in the nu-
clear S factor at very low energies, see for example Ref.
[22].
Nevertheless, there are useful estimates of pycnonu-
clear rates either in the pure pycnonuclear regime near
zero temperature or in the thermally enhanced pycnonu-
clear regime at somewhat higher temperatures. In or-
der to have a luminosity near 10−3 L from 12C+12C
fusion we estimate needing a reaction rate of roughly
R ≈ 5 × 1011 cm−3s−1. Using the rate shown in the
insert to Fig. 3 of Ref. [12] this requires a density of
very roughly ρT ≈ 3 × 109g/cm3 as listed in Table I.
This density is an order of magnitude larger than the
2 × 108 g/cm3 central density of a 1.25M (C/O) WD.
Although there is considerable uncertainty in the pyc-
nonuclear rate, it is unlikely the uncertainty is this large.
Furthermore, the pycnonuclear rate depends strongly on
the density. Therefore, if pycnonuclear fusion were to
provide 10−3L for a 1.25M star, the luminosity would
likely be very much smaller for even slightly smaller stars
and very much larger for even slightly more massive stars.
We conclude that pycnonuclear fusion is unlikely to pro-
vide significant heating for many of the massive WD that
Cheng et al. considers [1].
Instead of conventional nuclear reactions, the annihi-
lation of dark mater could heat massive WD, see for ex-
ample [14–16]. Furthermore, massive WD have large es-
cape velocities and therefore they may be able to trap
light dark matter particles that might escape lower mass
stars, see for example [23]. However WD are small and
there is likely an upper limit on the rate that they can
trap dark matter particles. An upper limit on the cap-
ture cross section σ is provided by assuming that every
particle that contacts the star is captured. This yields,
σ ≤ pib2max . (1)
Here bmax is the maximum impact parameter that just
collides with a star of radius R∗. Conservation of angular
momentum gives bmaxvd = R∗(v2e+v
2
d)
1/2 for dark matter
of velocity vd and ve is the star’s escape velocity. In
the solar neighborhood, we assume vd ≈ 220km/s. The
capture cross section is bounded by,
σ ≤ piR2∗(1 + v2e/v2d) . (2)
If the dark matter particles then annihilate, with a rate
that is in steady state equilibrium with the capture rate,
the luminosity from dark matter heating LD will be,
LD = σvdρdc
2 ≤ piR2∗(1 + v2e/v2d)vdρdc2 . (3)
Here the dark matter density is ρd ≈ 0.4 GeVc−2cm−3.
Note that Eq. 3 is independent of the mass of the dark
matter particles. For a 1.2 M carbon / oxygen WD with
3R∗ = 4× 108 cm and ve = 9× 108 cm/s we have,
LD ≤ 3× 10−9 L . (4)
This is much less than the 10−3L considered by Cheng
et al. We conclude that heating from dark matter anni-
hilation is unlikely to be important in these stars. Note
that dark matter heating may be more important for WD
in a globular star cluster with lower vd and possibly larger
dark matter density ρd [15].
White dwarfs are small and therefore may only cap-
ture dark matter at a low rate. Perhaps more dark mat-
ter could have been captured during the main sequence
phase when the star was much larger. Let a star have a
mass Md of dark matter that was previously accumulated
and we now assume that the dark matter does not an-
nihilate. This matter may collect near the center of the
star until it reaches a local dark matter density ρ¯d. This
density may depend on the nature of the dark matter
such as the mass and nature of the constituent particles
and the core temperature of the WD. If ρ¯d is comparable
to or less than the central density of the star, we expect
the dark matter to make almost no change in the struc-
ture of the star because we assume Md M. However
if the dark matter collapses until it is very dense so that
ρ¯d becomes much larger than the original central den-
sity, gravity from the dark matter will increase the star’s
central density. This change could increase the rate of
electron capture or pycnonuclear fusion and may ignite a
supernova, see for example [16, 24].
We now calculate the density of conventional matter in
a star with a dense dark matter core. We assume the dark
matter core is spherical with constant density ρ¯d, radius
rd and total mass Md = 4piρ¯dr
3
d/3. For simplicity we
parametrize the distribution of dark matter in terms of a
constant density ρ¯d and we try to avoid making detailed
assumptions regarding the microphysics that might give
rise to ρ¯d.
A WD in hydrostatic equilibrium has a pressure gra-
dient dP/dr that satisfies,
dP
dr
= −GMtot(r)
r2
ρ(r) . (5)
Here the density of conventional matter is ρ(r) and the
total enclosed mass Mtot includes dark matter contribu-
tions,
Mtot(r) = 4pi
∫ r
0
r′2dr′[ρ(r) + ρ¯dΘ(rd − r′)] . (6)
Writing dP/dr = dρ/dr/(dρ/dP ) and integrating Eq. 5
from the surface of the star at radius R∗ to the center
where ρ(0) = ρc yields,∫ ρc
0
dρ
ρ dρdP
= −
∫ 0
R∗
GMtot(r)
r2
dr . (7)
The right hand side of this Eq., after integrating by
parts, can be written in terms of the gravitational po-
tential difference between the surface and center of the
star ∆φ = φ(0)− φ(R∗). If one neglects dark matter for
the moment, one has,
∆φ = 4piG
∫ R∗
0
dr′r′ρ(r′)−GM/R∗ . (8)
Here M is the mass of conventional matter in the star.
For the left hand side of Eq. 5 we use the equation of
state of an electron Fermi gas [25],
dρ
dP
=
m0
Yeme
3(1 + x2)1/2
x2
. (9)
Here m0 is the atomic mass unit, Ye the electron frac-
tion and me the electron mass. The ratio of the elec-
tron Fermi momentum to its mass is x = (ρ/ρ0)
1/3 with
ρ0 = m0m
3
e/(3pi
2Ye). Using Eq. 9, the integral on the
right hand side of Eq. 7 can be evaluated to yield,
me[(1 + (ρ
0
c/ρ0)
2/3)1/2 − 1] = m0
Ye
∆φ . (10)
Here ρ0c is the central density of the star without any
dark matter. This equation reflects energy conservation.
The electron Fermi energy at the center of the star mi-
nus the Fermi energy at the surface is equal to the mass
per electron m0/Ye times the difference in gravitational
potential.
We now add a small mass of dark matter Md. We do
not expect the density though out most of the star to
change very much because Md M . Only very near the
center will the gravitational potential change significantly
because of the dark matter. The ∆φ on the right hand
side of Eq. 10 will be increased ∆φ→ ∆φ+ φdark. Here
the gravitational potential at r = 0 of the dark matter
core is,
φdark(0) =
3GMd
2rd
. (11)
Adding this to ∆φ in Eq. 10 gives the new central density
(of conventional matter) ρc in the presence of the dark
matter,
me[(1 + (ρc/ρ0)
2/3)1/2 − 1] = m0
Ye
[∆φ+ φdark(0)] . (12)
Eliminating ∆φ between this Eq. and Eq. 10, assuming
ρ0c  ρ0, and replacing rd = [3Md/(4piρ¯d)]1/3 in favor of
ρ¯d in Eq. 11 gives,
ρc =
[
ρ0c
1/3
+
( 3
2pi Y 4e
)1/3
Gm
4/3
0 M
2/3
d ρ¯
1/3
d
]3
, (13)
or,
ρc =
[
ρ0c
1/3
+ 1.297
(0.5
Ye
)4/3(Md
M
)2/3
ρ¯
1/3
d
]3
. (14)
4This equation shows how the central density of a star
with dark matter ρc is enhanced compared to the cen-
tral density of the original star ρ0c by the gravitational
potential from the dark matter core. We have ne-
glected relativistic corrections to the gravitational po-
tential. These may only be very large as one ap-
proaches the density of a Schwartzchild black hole. This
is 1.8 × 1016(M/MD)2g/cm3 or 1.8 × 1024 g/cm3 for
MD = 10
−4M.
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FIG. 2. Central density of an originally 1.25 M WD vs the
mass of a dark matter core. The curves, right to left, assume
a dark matter core density ρ¯d of 10
15 to 1021 g/cm3.
Figure 2 shows ρc for a 1.25 M WD (with Ye = 0.5).
The original central density is ρ0c = 2×108 g/cm3. Unless
the dark matter core is very dense, the star’s central den-
sity will be little changed because we assume Md M.
However, the central density will increase for a very dense
dark matter core. For example, pycnonuclear fusion may
occur at densities of order 3× 109 g/cm3 (Table I). This
density will be reached for dark matter masses and den-
sities that satisfy,( Md
10−6M
)2( ρ¯d
1020g/cm
3
)
≥ 1 . (15)
Note that the central density of the star does not depend
on Md and ρ¯d separately but only on the combination
M2d ρ¯d.
Figure 3 shows the radial profile of a 1.25 M star.
This was obtained by numerically integrating Eq. 5. Al-
though the central density only depends on the combina-
tion M2d ρ¯d, the size of the high density region is seen to
grow with increasing Md. Given the log scale in Fig. 3,
we note that there is only a tiny amount of (conventional)
matter in the high density central region.
In summary, if dark matter condenses to very high den-
sities inside a WD then this will also increase the density
of conventional matter and could start pycnonuclear or
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FIG. 3. Density profile of an originally 1.25 M WD vs radius
r. The dashed blue line has no dark matter while the red
lines assume Md = 10
−6M and the black line 10−4M. The
density of the dark matter core is 1015 (dotted), 1017 (dashed)
and 1019 g/cm3 (solid). Note the log scales.
electron capture reactions. What happens next may de-
pend on the dynamical scenario. One possibility is the
ignition of a Type Ia supernova and the complete destruc-
tion of the star. Another possibility, if the high density
region is very small indeed, is that the tiny amount of
material in this region is burned to Fe without releasing
enough heat to start material burning at the lower densi-
ties outside the small dark matter core. In this case the
dark matter may become encased in a more or less inert
Fe core with little overall change to the star. In neither
case would there be a modest amount of heat for billions
of years.
In conclusion, Cheng et al. identified a number of
WD, with masses between 1.08 and 1.23M, that ap-
pear to have an additional heat source providing a lu-
minosity near ≈ 10−3L for multiple Gyr [1]. Indeed
massive WD are interesting because of their high cen-
tral densities. In this paper we explored heating from
electron capture and pycnonuclear reactions. These re-
actions appear to need higher densities than the central
density of a 1.23M star. We also explored heating from
dark matter annihilation. We found that WD appear
to be too small to capture enough dark matter for this
to be important. Finally, if dark matter condenses to
very high densities inside WD this could ignite nuclear
reactions. While this might start a supernova, it seems
unlikely to provide modest heating for a long time. We
conclude that electron capture, pycnonuclear, and dark
matter reactions are unlikely to provide significant long
term heating in massive WD.
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